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1. Introduction 
Arsenic is a widely distributed element in the Earth’s 
crust with an average terrestrial concentration of about 
5 g/ton[1]. Arsenic is an inorganic oxy-anion, chemically 
similar to nitrogen, phosphorus, antimony, and bismuth, 
being sometimes considered a heavy metal, though strictly 
speaking it is a metalloid. Although there are only a select 
few naturally occurring minerals that offer commercially 
viable arsenic concentrations, there are more than 300 dif-
ferent minerals containing arsenic. These minerals are of-
ten associated with sulfur or metal containing ores such as 
arsenopyrite, nickeline, oregonite, and realgar[2]. 
Some industrial processes, such as mining, generate 
wastewater with toxic metals or oxy anions, including ar-
senic, mercury, selenium, molybdenum, cadmium, chro-
mium, lead, and barium.
Arsenic is a persistent, bio accumulative, toxic ele-
ment. The current most restrictive Brazilian Legislation[3] 
states a 0.2 mg As/L as the maximum limit for efÁ uent re-
lease. The United States Environmental Protection Agency 
(EPA) has implemented the discharge criteria of 10 g/L 
for arsenic as the maximum acceptable level for ground-
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Arsenic is a persistent, toxic, and bioaccumulative element. Water with arsenic contamination has been reported in many parts 
of the world, and the World Health Organization considers arsenic one of the main contaminants in aqueous waste streams. Ferric 
co-precipitation treatment process, considered the state-of-the-art (the technology used industrially at present), produces large 
amounts of secondary waste with low stability, which leads to arsenic eventually being released back to the medium through natural 
oxidation processes. Current treatment technologies are quite effective at meeting the present environmental legislation discharge 
criteria (0.2 mg/L – COPAM 10/86 Brazilian Legislation) of removing aqueous oxy anionic contaminants, such as arsenic. An innovative 
treatment technology was developed for arsenic removal, allowing the reduction of arsenic levels in the efÁ uent generated during 
the mining processes to a level below the criteria for discharge (reaching 0.1885 mg As/L).
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water[4]. It is important to understand the relationship of 
arsenic in the mining processes, especially if present in 
high concentrations. 
Arsenic in the environment can occur in multiple oxida-
tion states (î3, 0, +3, and +5). In natural waters, it is found 
mainly as the oxy-anionic trivalent arsenic [(III), arsenite] 
and pentavalent arsenic [(V), arsenate] species. Specia-
tion of arsenic in water can be estimated by the pH and 
redox potential[5]. Species such as H3As(III)O3 and H3As(V)
O4 predominate in the conditions of reduced aqueous envi-
ronments and oxidized aqueous environments respectively. 
In normal pH of natural waters (6 to 8), arsenate is found 
in two anionic forms: H2AsO
4î and HAsO4
2î, while the only 
abundant form of arsenite (H3AsO3) is neutral.
Arsenic is also mobilized in large quantities as a re-
sult of mining activities, such as mineral excavations, ore 
transportation, smelting, reÀ ning and waste and wastewa-
ter disposal around the mines, both during active operation 
and also long after the time of mine closure[6].
According to the World Health Organization[4], there is 
sufÀ cient evidence available to establish a relationship be-
tween inorganic arsenic in drinking water and cancers of 
bladder, lung, and skin, as well as other skin diseases, such 
as changes of pigmentation and hyperkeratosis[5].
There are several available technologies for arsenic re-
moval from water. Many of these technologies require many 
stages of pretreatment to chemically reduce contamination.
The precipitation with trivalent iron salts and lime – CaO 
or Ca(OH)2 – is the technique commonly applied in mining 
efÁ uents for arsenic removal. Stability (immobilization) of 
arsenic removed is a subject of constant debate due to the 
high potential for the release of these residues[7]. For this 
reason, studies using different types of oxidizing or reduc-
ing agents and coagulants (co-precipitation) to stabilize the 
arsenic indicate possible routes of interest 
All arsenic removal technologies have one or more draw-
backs, limitations, and application scope. The major arsenic 
removal technologies are compared in Table 1.
The main objective of this work was to establish an 
innovative treatment process to achieve a maximum of 
0.2 mg/L of arsenic in the À nal liquid efÁ uent, while pro-
ducing the least amount of waste with greater stability.
Table 1    Comparison of the main removal technologies for arsenic
Major oxidation/precipitation tech. Advantages Disadvantages
Air oxidation Relatively simple, low cost but slow; arsenic 
removal in situ; also oxidizes other organic 
and inogarnic constituints in water
Removes primarily arsenic (V) and 
accelerates the oxidation process
Chemical oxidation Oxidizes other impurities and kills microbes; 
relatively simple and fast, minimal residual 
masses
EfÀ cient control of pH; low stability 
of waste causing build-up
Major coagulation/co-precipitation  tech. Advantages Disadvantages
Alumen coagulation Durable chemicals available; comparatively 
low capital cost and simple operation; effective 
over a wide pH range
Produces toxic sludge; low arsenic 
removal; pre-oxidation may be 
necessary
Iron coagulation Common chemical products available; more 
efÀ cient than the alumen coagulation 
in terms of the basis weight
Medium removal of As (III); 
sedimentation and À ltration 
necessary
Lime treatmant Chemicals commercially available  pH adjustment required
Major ion exchange and sorption tech. Advantages Disadvantages
Ativated alumina Commercially available and relatively 
well known
Needs replacement after four to 
À ve regenerations
Iron-coated sand Cheap; regeneration not required; remove 
both As (III) and As (V)
Not standardized; produces toxic 
solid waste
Ion exchange resin Medium and capacity well-deÀ ned; 
indepent of pH; speciÀ c ion resin exclusive 
to arsenic  removal
High cost medium; high operation 
and maintanance technology; the 
regeneration creates a problem of 
mud disposal; As (III) is difÀ cult to 
remove; life of resins
Major membrane technologies Advantages Disadvantages
NanoÀ ltration Well deÀ ned and with high À ltration 
efÀ ciency
Very high capital and operational 
costs, preconditionng, high water 
rejection
Reverse osmosis Without toxic waste production Operation and maintenance of 
high-tech
Electrodialysis Able to remove other contaminants Production of toxic wastewater
(Adapted from Mohan, Dinesh, Pittman Jr, Charles U, 2007)
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Fig. 2   Total amount of removal agent added (mg/L) vs. Arsenic in solution (mg/L)
Fig. 1   SimpliÀ ed Process Flowchart. Products are added in the order shown in the Á owchart
Table 2    Typical values of the treatment
Step Total quantity of removal 
agent added (mg/L)
As in solution
(mg/L)
0 0 306,6
1 25 72,61
2 50 24,49
3 75 7,27
4 113,4 0,97
5 * 0,1885
* Addition of lime and rest of the solution during eight hours for 
solid precipitation and removal of supernatant.
2. Materials and Methods
The raw water used for the experiments was provided by a 
company that produces gold and their resulting wastewa-
ter presents arsenic concentrations between 300 mg/L and 
1,600 mg/L.
Tests were conducted on laboratory scale and the tech-
nique adopted in this work was of co-precipitation by use of 
selective coagulants/Á occulants and a removal agent (RA).
An atomic mass spectrometer model Thermo ScientiÀ c 
Icap 6000 Series Inductively Coupled Plasma (ICP) was used 
for all chemical analyses, with 0.96 g/L detection limit for 
arsenic.
Tests were carried out with one liter samples of raw 
water, properly characterized by chemical analysis via ICP, 
agitated in a beaker with addition of NaOH to achieve a 
pH >10.5. The solution was then mixed by slow agitation for 
a period of one minute. After this period, the À rst dosage of 
an arsenic removal agent (RA) was added then  the solution 
was agitated vigorously for À ve minutes, which corresponds 
to the À rst step of the process. After this time, a certain 
amount of anionic Á occulant was added with slow agitation, 
maintained for one minute and then switched off, allowing 
the solution to rest for a period of two hours for precipi-
tation. The precipitate was À ltered, using Whatman À lter 
paper black belt, and the residue obtained was separated. 
At the end of the treatment the wastes were combined. The 
sum of all the residues was sent to chemical analysis on the 
ICP, while the supernatant was transferred to another bea-
ker. At this time a second dosage of arsenic removal agent 
was added, repeating the procedure adopted in the À rst 
step. This sequence was repeated three times, with the 
difference that the Á occulant being neutral. In the fourth 
step, in addition to arsenic removal agent and Á occulant, 
Ca2+ ions were added in the form of Ca(OH)2; the solution 
was then allowed to sit for 18 hours in order to precipitate. 
The resulting supernatant was then transferred to another 
beaker, in which new amount of Ca(OH)2 was added and 
left to rest for a period of 8 hours to precipitate. In Fig. 1, 
the simpliÀ ed process Á owchart can be seen.
Analyzing the supernatant of this last step, the arse-
nic level in the liquid phase showed compatible values to 
the discharge limits determined by Brazilian Environmen-
tal Legislation (<0.2 mg/L). Regarding the waste generated 
during the treatment process, the waste was submitted to 
leaching evaluations through the Toxicity Characteristic 
Leaching Procedure (TCLP), which is a standard analysis 
test developed by the U.S. Environmental Protection Agen-
cy (EPA) that determines which contaminant identiÀ ed by 
EPA is present in the leachate and their concentration; this 
test simulates waste dump in landÀ ll.
The additions of removal agent (RA) to the solution of ar-
senic were made in stepwise to optimize its removing action.
3. Results and Discussion
Typical and representative values of this arsenic removal 
treatment can be seen in Table 2. Each data point of the 
amount of arsenic in solution represents the average of 
three equal tests; results of the chemical analyses were 
supplied in triplicate by ICP.
Using the data presented in Table 2 (up to the fourth stage, 
which contains addition of the removal agent) it is possible 
to plot Fig. 2, that shows an exponential trend curve [Eq. (1)] 
with correlation coefÀ cient R2 equal to 0.9986.
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As = 288.4  e í0.05(RA)
Where As = estimated arsenic quantity in solution (mg/L) 
and RA = total amount of removal agent added (mg/L). 
Therefore, using the prediction Eq. (1) to calculate 
how much removal agent must be added for reaching 
0.1885 mg/L arsenic in solution without addition of lime, a 
total of 146.67 ppm is obtained, which means that in step 5 
more 34 mg/L of removal agent should be added.
4. Conclusions
There are several available technologies for arsenic re-
moval from aqueous solutions. Many of these require sev-
eral stages of pretreatment and/or chemical reduction of 
contamination.
The tests performed in this work were conducted on 
laboratory scale. The technology proposed here, for re-
moving arsenic contained in efÁ uents from gold-producing 
companies, is based on co-precipitation by the use of se-
lective coagulants/Á occulants and an arsenic removable 
agent. It proved to be effective and feasible technically.
This study yields the reduction of arsenic levels to 
0.1885 mg/L, which is below the 0.2 mg/L discharge criteria 
established by the Brazilian Environmental Legislation[3].
However, other ions present in the treated solution can 
contribute signiÀ cantly to the consumption of reagents used 
as well as in the increase in volume of waste generated.
Evaluating the leaching and stability of arsenic con-
tained in the waste generated by our treatment process is 
under way through conduction of the TCLP test.
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